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Aberrant performance of skilled action has long been noted in schizophrenia and relatedly,
recent reports have demonstrated impaired use, performance, and perception of hand
gestures in this group. Still, this deficit is not acknowledged as apraxia, which to the
broader medical field, characterizes impairments in skilled actions. Understanding the
relationship between apraxia and schizophrenia may shed an invaluable new perspective
on disease mechanism, and highlight novel treatment opportunities as well. To examine
this potential link, we reviewed the evidence for the types of praxis errors, associated
psychopathology, and cerebral correlates of the praxis deficit in schizophrenia. Notably,
the review indicated that gesture deficits are severe enough to be considered genuine
apraxia in a substantial proportion of patients (about 25%). Further, other potential con-
tributors (e.g., hypokinetic motor abnormalities, cognitive impairment) are indeed associ-
ated with gesture deficits in schizophrenia, but do not sufficiently explain the abnormality.
Finally, patients with praxis deficits have altered brain structure and function including the
left parieto-premotor praxis network and these neural correlates are specific to the praxis
deficit. Therefore, we argue that the gestural disorder frequently observed in schizophrenia
shares both the clinical and neurophysiological features of true apraxia, as in other
neuropsychiatric disorders with impaired higher order motor control, such as Parkinson’s
disease.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Schizophrenia is characterized by hallucinations, delusions,
disorganized behavior, abnormal psychomotor behavior,University Hospital of Psy
nibe.ch (S. Walther).
by Elsevier Ltd. This is a
).impaired cognition, and negative symptoms. Collectively,
these symptom domains contribute to problems in social
interaction and community functioning. Early descriptions of
schizophrenia report abnormal use of tools and inadequate or
incomprehensive gestures, all of which are suggestive ofchiatry, Murtenstrasse 21, 3008, Bern, Switzerland.
n open access article under the CC BY-NC-ND license (http://
c o r t e x 1 3 3 ( 2 0 2 0 ) 6 5e7 566apraxia. Therefore, we will review the evidence on disturbed
praxis function in schizophrenia to explore, whether the
deficit was a form of apraxia or a different clinical issue with
similar phenomenology.
1.1. Historical view on praxis deficits in psychosis
Eugen Bleuler described odd behaviors including inappro-
priate use of objects or inability to perform skilled action,
which he attributed to negativism or mannerisms (pages 76,
157, and 161) (Bleuler, 1911). These observations were shared
by Emil Kraepelin, who noted disturbances of skilled actions
and pointed to post-mortem findings of white matter fiber
alterations (pages 60e61, 67) (Kraepelin, 1921). The most
comprehensive description of deficits in action planning was
written by Karl Kleist, a German psychiatrist and neurologist,
who started his residency in the department of CarlWernicke.
In his 1908 book (Kleist, 1908), Kleist introduced the term
“psychomotor apraxia” to describe the disturbance of skillful
movements in patients with psychosis. Most of his psychosis
patients would today qualify for a range of disorders such as
schizophrenia, schizoaffective or bipolar disorder. Years
before the advent of antipsychotic medications, and accom-
panyingmotor side-effects, Kleist first described patients who
were unable to light a match, button their shirt, or write
simple numbers. Despite similarities in the movements and
types of errors with the “transcortical apraxia of Liepmann”
and the “innervatory (cortical) apraxia”, Kleist considered
psychomotor apraxia a distinct form, because the control of
movements was the central impairment (pages 52e60 and
145e153) (Kleist, 1908). He observed that patients’ praxis def-
icits might change in a different context. He considered dis-
turbances of the fronto-ponto-cerebellar pathways (“…
Ursprungsgebiete der absteigenden fronto-ponto-
cerebellaren Bahnen …”, page 149) to cause psychomotor
apraxia, and he suspected the origin of the pathological pro-
cess to localize within the frontal cortex.
1.2. Apraxia definition
Starting with Hugo Liepmann in 1900, the concept of apraxia
has continuously evolved over the past century (Leiguarda &
Marsden, 2000). Leiguarda and Marsden stated that apraxia
resembles an impairment of skilled movements of the fore-
limbs that results from acquired brain disease and is not
explained by problems in language comprehension, demen-
tia, or an elementary motor-sensory deficit (Leiguarda &
Marsden, 2000). Apraxia is defined by the types of errors
made during gesture imitation of a seen movement or
pantomime upon verbal command.
A recent definition of limb apraxia is “the inability to
perform skilled and/or learned limb actions on request and/or
imitation, independently of sensory-motor impairments and
cognitive deficits preventing the understanding of the task or
the processing of the stimulus material” (Osiurak & Rossetti,
2017). Patients with limb apraxia typically have difficulties
using tools appropriately or efficiently. Furthermore, per-
forming meaningful and meaningless gestures are impeded,
depending on clinical examination. The question arises
whether the definition of apraxia applies to schizophrenia?Schizophrenia is a heterogeneous syndrome that may present
with motor disturbances or cognitive dysfunction. We will
explore the current state of knowledge on the types of gesture
errors, the psychopathology associated with praxis deficits, as
well as the neural correlates of impaired gesture performance.2. Types of errors in schizophrenia
The phenomenology of errors during gesture or tool usewould
inform on whether deficits in schizophrenia parallel those of
patients with apraxia. Our group applied the well-validated
test of upper limb apraxia (TULIA) (Vanbellingen et al., 2010)
in schizophrenia spectrum disorders, ensuring identical
assessment of gesture performance across disorders. In our
studies, frequent gesture errors pertained tominor spatial and
temporal errors (18%). Theminor errors often include hesitant
or sloppy, low amplitude performance, errors in timing
movements, as well as inaccurate spatial configuration of the
gestures. In a similar frequency (17.5%) severe errors occurred
such as body-part-as-object errors, omissions, and errors in
spatial orientation (Walther, Alexaki, Stegmayer,
Vanbellingen, & Bohlhalter, 2020; Walther, Vanbellingen,
Muri, Strik, & Bohlhalter, 2013b). Rarely did we notice incom-
prehensible movements or no movements at all. Fig. 1 depicts
the distribution of errors across subjects in a combined sam-
ple of 98 patients and 84 healthy controls, all right-handed,
who performed the TULIA with their dominant right hand.
As can be seen, following demonstration (imitation domain)
patients show spatial and temporal errors in 30% and content
errors in 12% of the items. Similarly, following verbal in-
structions (pantomime domain) patients present spatial and
temporal errors in 30% and content errors in 21%. The fre-
quency of errors in controls is much lower.
Praxis function, i.e., the use of gestures or skilled manual
movements, has rarely been studied before in schizophrenia
yielding conflicting results. One study noted coarse gestures,
slowed and with low amplitudes, in a group of 21 patients
with chronic schizophrenia, of whom 71% presented body-
part-as-object errors when performing pantomimes (Martin,
Tewesmeier, Albers, Schmid, & Scharfetter, 1994). While
body-part-as-object errors constitute important deficits in
apraxia (Leiguarda & Marsden, 2000; Raymer, Maher,
Foundas, Heilman, & Rothi, 1997), authors stated that they
were unable to find clear-cut apraxia in their schizophrenia
patients according to the test of Kertesz and Ferro (Kertesz &
Ferro, 1984). Thus, the interpretation of the finding is
ambiguous: schizophrenia patients present errors suggestive
of apraxia, but perform above the cut-off in an apraxia test
(Martin et al., 1994). Along this line, an examination of
apraxia in Parkinson’s syndromes included 10 chronic
schizophrenia patients with neuroleptic induced parkin-
sonism (Leiguarda et al., 1997). Authors also noted that
chronic schizophrenia patients had no signs of ideomotor
apraxia. However, their evaluation disregarded content er-
rors and unrecognizable movements as well as delayed
initiation, timing or low amplitudes. In contrast, another
report found ideo-kinetic apraxia in the majority of ten
chronic schizophrenia patients, suggesting that patients have
problems to use acquired motor knowledge (Portnoff, Golden,
Fig. 1 e Frequency distribution of gesture performance errors in a combined sample of 98 schizophrenia patients and 84
controls. Note that a score of 5 means correct performance, scores of 4 and 3 (grey fills) indicate minor spatial and temporal
errors, while scores of 1 and 2 (blue fills) indicate major spatial or content errors, and lack of visible movement is rated
0 (Vanbellingen et al., 2010).
Table 1 e Rates of praxis deficits in schizophrenia across
samples.
Original TULIA
cut-off 194
for apraxia
(Vanbellingen
et al., 2010)
Cut-off for gesture
deficits in younger
adults 210 (Walther
et al., 2013b)
Walther
et al., 2013a/b,
n ¼ 30
40% 67%
Walther
et al., 2015,
n ¼ 46
22% 46%
Walther
et al., 2020,
n ¼ 20
70% 100%
Note that Walther et al., 2020 selected patients for a clinical trial for
having at least some signs of praxis deficit.
c o r t e x 1 3 3 ( 2 0 2 0 ) 6 5e7 5 67Snyder, & Gustavson, 1982). Likewise, two studies reported
more spatial errors in schizophrenia compared to controls
when imitating meaningless finger gestures (Matthews, Gold,
Sekuler, & Park, 2013; Park, Matthews, & Gibson, 2008),
however, they did not categorize subjects according to a
performance cut-off.
We investigated gesturing in schizophrenia with the TULIA
and demonstrated poor gesture performance in three
different patient samples (Walther, Kunz, et al., 2020; Walther
et al., 2015; Walther et al., 2013b). In all instances, the imita-
tion performance of hand gestures following demonstration is
less frequently impaired than the performance of gestures on
verbal command, with 33% vs. 50e66% of the patients pre-
senting deficits (Walther et al., 2015; Walther, Vanbellingen,
Muri, Strik, & Bohlhalter, 2013a). Even when we apply the
original apraxia cut-off of the TULIA, a substantial proportion
(27%) of schizophrenia patients qualify for a praxis deficit
(Walther, Alexaki, et al., 2020) (see also Table 1). Moreover, the
gesture deficit did not occur in isolation. Instead, poor gesture
performance in the TULIA was strongly correlated with
impaired postural knowledge (r ¼ .76) or poor tool use per-
formance (r ¼ .78), arguing for a generalized praxis deficit in
schizophrenia (Walther et al., 2015). Finally, praxis deficits
occurred in a proportion of first episode patients (21%), who
performed significantly better than chronic patients in the
TULIA (Stegmayer, Moor, et al., 2016).
In sum, deficits in praxis function in schizophrenia have
been detected in most of the studies that applied specific
clinical tests. And the reported frequency of deficits varies as afunction of the instruments used for assessments. In addition,
video-analysis has enabled to investigate spontaneous
gesture behavior in schizophrenia in common situations. For
example, less frequent use of hand gestures has been
observed during typical conversations in schizophrenia
(Lavelle, Healey, &McCabe, 2013). Likewise, reduced gesturing
during interactions with the psychiatrists indicates more
symptoms (Lavelle, Dimic, Wildgrube, McCabe, & Priebe,
2015). Similarly, reduced gesture use or the use of incorrect
mismatch gestures has been noted in subjects at risk for
c o r t e x 1 3 3 ( 2 0 2 0 ) 6 5e7 568psychosis, who were videotaped during clinical interviews
(Millman et al., 2014; Mittal et al., 2006). Thus, aberrant
gesturing in schizophrenia is not a mere laboratory observa-
tion, but relevant for nonverbal communication.
How did this praxis deficit go unnoticed despite the vivid
research on schizophrenia? First, for decades motor behavior
has been largely neglected in schizophrenia research when
the field preferably explored cognition or self-reported
symptoms, instead of clinical signs (Kendler, 2016; Mittal &
Walther, 2018; Strik, Stegmayer, Walther, & Dierks, 2017;
Walther & Mittal, 2017). Second, lack of expressive gestures is
a key feature of the negative syndrome in schizophrenia and
is included in modern rating scales on negative symptoms
(Andreasen, 1989; Forbes et al., 2010; Kirkpatrick et al., 2011).
Thus, implicitly clinicians may have subsumed abnormal
hand gestures as a component of the negative syndrome
without further exploring the nature of gesture errors.
Finally, gesture perception and interpretation is also
compromised in schizophrenia (Bucci, Startup, Wynn, Baker,
& Lewin, 2008; Nagels, Kircher, Grosvald, Steines, & Straube,
2018; Walther et al., 2015; White, Borgan, Ralley, & Shergill,
2016). And in some instances, this perceptual deficit is
linked to motor abnormalities and positive symptoms
(Walther et al., 2015).
Are the gesture errors specific to schizophrenia or could
this deficit occur in a range of psychiatric disorders, particu-
larly those with neurodevelopmental origin? Very few studies
explored gesture abnormalities in other psychiatric condi-
tions. In patients with autism errors during the imitation of
meaningless gestures include spatial orientation and the
context of the environment, while gesture recognition was
preserved in some studies (Fourie, Palser, Pokorny, Neff, &
Rivera, 2019; Stieglitz Ham, Corley, Rajendran, Carletta, &
Swanson, 2008). In patients with depression, less gesture use
was observed, but a distinct analysis of hand gesture errors is
missing (Annen, Roser, & Brune, 2012; Fiquer et al., 2018).
Finally, in patients with obsessive compulsive disorder per-
formed poorly in a test of meaningless gesture imitation
(Rounis, Banca, & Voon, 2016). This set of single findings
suggests that gesture deficits may occur in other psychiatric
disorders, however, the pattern of impairment is quite distinct
from the one observed in schizophrenia. Therefore, the cur-
rent state of knowledge supports the view of a specific gesture
deficit in schizophrenia and ties into a broader line of research
exploring aberrant motor function as a transdiagnostic phe-
nomenon (Bernard & Mittal, 2015; Mittal, Bernard, & Northoff,
2017; Walther, Bernard, Mittal, & Shankman, 2019).3. Clinical correlates of gesture impairments
Gesture deficits are expected to occur more frequently in pa-
tients with a severe course of the illness. Still, impaired
gesture use may also occur in less severe cases. For example,
incongruent gesturing to the speech content has been noted in
subjects at risk for psychosis before the actual onset of the
disorder (Millman et al., 2014). Likewise, although we found
gestures to be more severely impaired in chronic patients
(Stegmayer, Moor, et al., 2016), some first episode patients
clearly performed less accurate than healthy controls. Bothage and illness chronicity are associated with more impaired
gesture performance (Walther et al., 2013b, 2015). Further-
more, praxis deficits are strong predictors of poor outcome
including impaired social and occupational functioning and
poor functional capacity (Walther et al., 2016). Besides these
general implications of illness severity, gesture deficits in
schizophrenia are linked to specific domains of
psychopathology.
Negative symptoms, particularly the domain of diminished
expression, are expected to be linked to poor gesture perfor-
mance. Domains such as blunted affect describe the decrease
of expression of emotion and reactivity to events (Galderisi,
Mucci, Buchanan, & Arango, 2018). When broad measures of
negative symptoms were applied, a moderate association of
poor gesturing with more severe negative symptoms is re-
ported (Matthews et al., 2013; Millman et al., 2014; Park et al.,
2008; Troisi, Spalletta, & Pasini, 1998; Walther, Alexaki, et al.,
2020; Walther et al., 2016; Walther et al., 2013a). However,
when more sophisticated measures of negative symptoms
were applied, the associationswere less specific, challenging a
critical contribution of negative symptoms on poor gesture
use (Walther et al., 2015). On the contrary, gesture perfor-
mance predicted a subsequent decrease of negative symptom
severity in the next six months (Walther et al., 2016). Thus,
while gesture performance has modest association with cur-
rent negative symptoms, it is still predictive of poor outcome.
In the future, it will be important to test whether treatment
changes in either negative symptoms or nonverbal skills does
ameliorate the severity of gesture impairments or negative
symptoms.
Positive symptoms, such as delusions, hallucinations, and
agitation seem to be linked to gesture deficits. In fact, poor
gesture performancewas correlatedwithmore severe positive
symptoms across studies (Mittal et al., 2006; Walther et al.,
2013b, 2015). Similarly, disorganization of thought and
behavior has been linked to impaired gesture performance,
although this association only appeared in a combined sample
of 79 patients, indicating a small effect (Walther, Alexaki,
et al., 2020).
Furthermore, cognitive impairment is a potential contrib-
utor to praxis deficits in schizophrenia. Most domains of
cognitive function can be compromised in schizophrenia,
particularly executive function, processing speed, working
memory, episodic memory, verbal fluency, and attention
(Schaefer, Giangrande, Weinberger, & Dickinson, 2013).
Impaired gesture performance in schizophrenia has been
repeatedly found to be associated with defective frontal lobe
function, i.e., executive function, and impaired working
memory (Matthews et al., 2013; Walther et al., 2013a, 2015,
2013b). However, this link is not exclusively driving the
gesture deficit in schizophrenia. In our comprehensive study
on nonverbal skills, performance in gesture tasks remained
strongly impaired even when controlling for nonverbal intel-
ligence and working memory deficits (Walther et al., 2015).
Finally,motor abnormalities could hamper skillful action such
as hand gestures. Indeed, in our studies, we found catatonia
and parkinsonism to correlate with poor gesture performance
in all samples, whereas dyskinesia was associated with
gesture performance only in one study (Walther et al., 2013a,
2015, 2013b). Motor abnormalities were also associated with
c o r t e x 1 3 3 ( 2 0 2 0 ) 6 5e7 5 69poor tool use and poor gesture perception (Walther et al.,
2015). Likewise, infrequent use of beat gestures in subjects at
risk for psychosis were correlated with abnormal postural
control (Osborne et al., 2017). Thus, hypokinetic motor ab-
normalities are linked to the severity of gesture impairments
in schizophrenia across studies. However, these motor ab-
normalities only partially account for the praxis deficit
observed in schizophrenia.
Motor abnormalities in schizophrenia have long been
merely viewed as consequences of antipsychotic medication,
however, motor abnormalities were already reported in the
pre-neuroleptic era and are frequently found in medication
naı̈ve first-episode patients (Pappa & Dazzan, 2009; Walther &
Mittal, 2017; Walther & Strik, 2012; Whitty, Owoeye, &
Waddington, 2009). Similarly, praxis deficits have been re-
ported by authors prior to the introduction of antipsychotics
in the 1950s (see section 1.1). While most of the patients
currently are receiving such drugs, all reports on gesture in
schizophrenia failed to find an association between the cur-
rent antipsychotic dosage and gesture performance
(Matthews et al., 2013; Stegmayer, Moor, et al., 2016; Walther
et al., 2015; Walther et al., 2013b). Along with findings in
subjects at risk for psychosis and first episode psychosis
(Millman et al., 2014; Mittal et al., 2006; Osborne, Vargas, &
Mittal, 2020; Stegmayer, Moor, et al., 2016; Walker, Savoie, &
Davis, 1994), these results suggest that praxis deficits in
schizophrenia may occur in the absence of antipsychotic
medication and are not related to the current dosage of anti-
psychotics. Furthermore, in all our studies the statistical an-
alyses were controlled for chlorpromazine equivalents
(including age and disease duration). Therefore, antipsychotic
medication is unlikely to account for the gestural deficits.
Since gesture performance is a left-lateralized higher order
motor function, hemispheric laterality could contribute to
poor gesture in schizophrenia. Indeed, schizophrenia has
been shown to have reduced hemispheric laterality, which is
for example linked to language abnormalities (Berretz, Wolf,
Gunturkun, & Ocklenburg, 2020; Wiberg et al., 2019). We
focused on right-handed subjects exclusively and controlled
the analyses for handedness (Walther et al., 2013, 2015). The
laterality index in these right-handed subjects was not asso-
ciated with gesture behavior. Therefore, in line with other
brain disorders, handedness cannot explain gestural deficits
in schizophrenia.
In sum, praxis deficits in schizophrenia are found more
often in severely ill, chronic patients, who have more positive
and negative symptoms. Furthermore, although cognitive
impairment and abnormal psychomotor behavior is associ-
ated with gesture deficits in schizophrenia, they only
partially explain impaired gestural skills. However, the as-
sociations have to be considered in the design of treatment
trials, in that aiming at improving gesture may involve
ameliorating cognitive impairment or hypokinetic motor
abnormalities.4. Neural correlates
Structural brain abnormalities in subjects with gesture im-
pairments are localized within the praxis network (see Fig. 2).Grey matter volume is reduced in patients with gesture def-
icits compared to healthy subjects predominantly in the left
inferior frontal gyrus (IFG), left superior parietal lobe, left
middle temporal cortex, but also in the right insula, right
temporal and parietal cortex (Stegmayer, Bohlhalter, et al.,
2016). Interestingly, patients with gesture deficits had lower
grey matter volumes than patients without gesture deficits in
the right insula, right inferior parietal lobe (IPL), and the right
superior temporal gyrus. In line with these findings, we also
detected reduced cortical thickness within the entire praxis
network in schizophrenia patients with gesture deficits
(Viher et al., 2018). These findings suggest that in schizo-
phrenia, gesture impairments are linked to grey matter
structural alterations in bilateral components of the praxis
network including both routes of action planning (Binkofski
& Buxbaum, 2013). Indeed, altered brain structure in the
praxis network is not generally found in schizophrenia, but
specific to those patients who present praxis deficits. In
addition to the categorical findings, there is also evidence for
a dimensional association of brain structure and gesture
performance. Indeed, a graph-theory approach demonstrated
that the global efficiency of the praxis network and the local
efficiency of network components contribute to gesture per-
formance in healthy subjects and schizophrenia patients
(Viher et al., 2020). Moreover, the tract integrity of the supe-
rior longitudinal and the arcuate fascicles was linked to
gesture performance. Interestingly, the structural abnormal-
ities were predominantly found in the left anterior fronto-
temporal components of the praxis network. These brain
areas have been suggested to be specifically relevant for the
communicative content of gestures, as demonstrated in
several lesion mapping studies (Finkel, Hogrefe, Frey,
Goldenberg, & Randerath, 2018; Goldenberg & Randerath,
2015; Mengotti et al., 2013; Pizzamiglio et al., 2019; Weiss
et al., 2016). Thus, structural brain abnormalities in schizo-
phrenia may be particularly affecting communicative gesture
use.
In order to study the neural processes involved in planning
gestures on verbal command in schizophrenia, we adopted a
paradigm previously tested in healthy subjects (Bohlhalter
et al., 2009). Participants were instructed with visual verbal
cues to plan and later perform distal arm gestures during
functional MRI. Performance was video-taped. We found that
schizophrenia patients engaged the praxis network including
left IFG, IPL, supplementary motor area (SMA) and superior
temporal gyrus (STG) less than healthy controls when plan-
ning familiar and novel hand gestures (Stegmayer et al., 2018).
In addition, patients had reduced neural activation during the
execution of familiar gestures in the SMA, but neural activity
did not differ from controls when performing novel hand
gestures. Finally, the actual performance of the gestures was
linked to the neural activity within the left IPL during gesture
planning in patients, with lower neural activity predicting less
accurate performance. Thus, inappropriate activation of the
praxis network, particularly the left IPL, during gesture plan-
ning is associated with poor gesture performance in
schizophrenia.
In addition, blood oxygenation level dependent (BOLD)
resting state functional connectivity within the praxis
network also differed between schizophrenia patients and
Fig. 2 e Cerebral alterations in schizophrenia patients with praxis deficits. Top left: brain areas with reduced grey matter
volume in schizophrenia patients with praxis deficits, modified from (Stegmayer, Bohlhalter, et al., 2016). Bottom left: brain
areas with altered resting state functional connectivity in schizophrenia patients with praxis deficits, modified from
(Wuthrich et al., 2020). Right side: overlay of brain areas with structural and functional alterations.
c o r t e x 1 3 3 ( 2 0 2 0 ) 6 5e7 570healthy subjects (Wuthrich et al., 2020). Patients had increased
functional connectivity at rest between bilateral precentral
gyrus and bilateral IPL and superior parietal lobes, while they
had lower connectivity than controls between bilateral STG.
Moreover, the functional connectivity at rest was linked to
gesture performance outside the scanner, with lower IPL-
precentral gyrus resting state connectivity predicting more
accurate gesture performance.
These findings are corroborated by fMRI tasks testing
finger gestures in schizophrenia. Thakkar and colleagues
demonstrated reduced left IPL activation during the imitation
of finger gestures in schizophrenia patients and reduced right
IPL activation during action observation (Thakkar, Peterman,
& Park, 2014). The only negative study most likely had too few
stimulus repetitions to demonstrate a group difference in
brain activation during gesture execution or observation be-
tween schizophrenia patients and controls (Horan et al.,
2014).
Taken together, the neuroimaging findings summarized
above suggest that the neural basis of praxis deficits in
schizophrenia is similar to patients with limb apraxia
following brain lesions (Lesourd et al., 2018; Sperber, Wiesen,
Goldenberg, & Karnath, 2019; Weiss et al., 2016). Both struc-
tural abnormalities and aberrant brain function map on the
praxis network, particularly the left hemispheric insula, IFG,
and IPL.Along this line, the use of noninvasive brain stimulation
techniques, such as repetitive transcranial magnetic stimu-
lation (rTMS) has supported the neuroimaging findings.
Indeed, transcranial modulation of the praxis network alters
gesture performance. In healthy subjects, imitation perfor-
mance in the TULIAwas improvedwith inhibitory stimulation
of the right inferior parietal lobe (IPL) with continuous theta
burst stimulation (cTBS) (Vanbellingen et al., 2020). Notably,
this behavioral improvement was most evident in subjects
with higher indices of structural connectivity in transcallosal
white matter fibers. Thus, the improvement of gesture per-
formance was suggested to stem from disinhibition of left IPL
by diminishing the influence of interhemispheric rivalry. In
line with this finding, a randomized, cross-over trial of rTMS
in schizophrenia demonstrated an 7% increase in gesture
performance following a single administration of cTBS over
the right IPL, while facilitatory intermittent theta burst stim-
ulation over left IFG failed to enhance gesture performance
more than placebo stimulation (Walther, Kunz, et al., 2020).
This parallel effect argues for interhemispheric rivalry also
hampering gesture planning in schizophrenia, even though
this would have to be tested in combined neurostimulation
and neuroimaging studies. Given, that the positive cTBS effect
over the right IPL could be sustained with repeated adminis-
tration, cTBS might become a novel treatment option for
praxis deficits in schizophrenia.
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As stated in the introduction, it remains unclear whether the
deficits in skilled movements observed in schizophrenia pa-
tients are truly due to limb apraxia or whether these impair-
ments resemble a group of apraxia-like deficits. We have
summarized the evidence on the types of gesture and broader
praxis errors, both of which are similar to those of patients
with apraxia following brain lesions. A considerable propor-
tion of schizophrenia patients scored below the cut-off of
apraxia in the TULIA (see Table 1). While our analyses support
the notion of apraxia in schizophrenia as stated by Kleist, we
have no means of distinguishing apraxia following brain le-
sions from severe praxis deficits in schizophrenia. Only for a
proportion of schizophrenia patients did the severity of
gesture errors remain lower than that observed in apraxia
following stroke. Thus, our findings argue against a specific
type of apraxia in schizophrenia, e.g., Kleist’s psychomotor
apraxia.
Interestingly, schizophrenia is associated with another
higher order motor control deficit, the purposeful, internally
guided eyemovements that are considered an endophenotype
for the disorder (Thaker, 2008). Particularly, the compromised
sensorimotor control of smooth pursuit eye movements is
related to the familial risk of psychotic disorders (Lencer et al.,
2015). Furthermore, schizophrenia is conceptualized as a
neurodevelopmental disorder and aberrant motor develop-
ment is linked to the risk of schizophrenia (Rosso et al., 2000).
Likewise, altered communication skills at age 4e5 predicts
adolescent social functioning in subjects at clinical high risk
for psychosis (Osborne et al., 2020). More broadly, there is
growing interest in studying motor signs across development
(Mittal & Wakschlag, 2017). Given that movement skills are
acquired during childhood neuromotor maturation, some of
the gesture deficits seen in patients may have arisen in
childhood. However, this link between motor development
and adult gesture behavior in psychosis requires further
study.
Certainly, schizophrenia patients lack circumscribed brain
lesions. However, in a wide range of cortical and subcortical
brain areas, structural alterations are common in schizo-
phrenia. Remarkably, our own data demonstrated structural
alterations in the praxis network in schizophrenia patients
with gesture deficits, a finding that was not observed in the
patients without gesture deficits. Finally, typical domains of
psychopathology in schizophrenia correlate with gesture im-
pairments, particularly hypokinetic motor abnormalities and
cognitive impairment. Still, praxis deficits in schizophrenia
also occur in the absence of relevant motor abnormalities or
cognitive impairment. Thus, in absence of a brain lesion,
roughly 25% of schizophrenia patients present a gesture
deficit mimicking apraxia, that is associated with but not
explained by hypokinetic motor abnormalities and cognitive
impairment. Furthermore, about half of the patients with
schizophrenia demonstrate a substantial gesture deficit
without qualifying for apraxia according to cut-off scores. If
apraxia requires a brain lesion, the deficit in schizophrenia
would be one mimicking apraxia. If apraxia is conceptualized
as a higher order motor disorder that may present with avariety of neuropsychiatric conditions, we could call the
schizophrenia praxis deficit apraxia.
Similar to Parkinson’s disease, a substantial proportion of
patients with schizophrenia has these higher order motor
control deficits that feed into apraxia. Patients with Parkin-
son’s disease may present with apraxia, which is related to
clinical stage and bradykinesia, but independent of dopami-
nergic medication (Leiguarda et al., 1997; Vanbellingen,
Kersten, Bellion, et al., 2011). We would argue that as in Par-
kinson’s disease, the praxis deficit in schizophrenia may be
termed apraxia. This is justified as the patients produce
similar visual-spatial and content errors that are not
explained by other neurocognitive or psychiatric deficits.6. Schizophrenia as a model for apraxia
We have argued previously that schizophrenia might aid
research in apraxia as a model disorder (Stegmayer,
Bohlhalter, et al., 2016). In fact, schizophrenia patients pre-
sent with behavioral deficits that mimic apraxia. Concur-
rently, schizophrenia is associated with aberrant brain
structure inmany brain regions, including the praxis network.
This holds particularly true for greymatter of fronto-temporal
cortices and white matter fiber tracts such as the uncinated
fascicle, the superior longitudinal fascicle, and the external
capsule (Bora et al., 2011; Cetin-Karayumak et al., 2019;
Holleran et al., 2014; van Erp et al., 2018). In schizophrenia,
multiple neuroimaging techniques can be readily applied
allowing for precise localization of neural dysfunction. In
contrast, patients with apraxia have varying multiple brain
lesions associated with similar behavioral deficits (Binder
et al., 2017; Dressing et al., 2018; Lesourd et al., 2018; Sperber
et al., 2019), while healthy subjects can be scanned with
modernMRI techniques but lack the behavioral abnormalities
(Vry et al., 2015). Thus, schizophrenia may be an interesting
model to study apraxia.7. Outlook
Even though the praxis deficit in schizophrenia has been
acknowledged by classical psychiatry literature, there was
little progress until recently to unravel this deficit. We have
shown that praxis deficits are important predictors of func-
tional outcome (Walther et al., 2016). Furthermore, rTMS may
alleviate the deficit in schizophrenia. Next, studies need to
determine whether continued administration of rTMS or the
combination with cognitive remediation would have benefi-
cial effects in schizophrenia. In addition, we need in-depth
analyses on structural and functional cerebral alterations
associatedwith praxis deficits in schizophrenia.Moreover, the
development of the deficit requiresmore attention. Are praxis
deficits observable in the premorbid stage of psychosis during
childhood, when no symptoms are to be noticed yet?
Furthermore, the impact of cumulative antipsychotic expo-
sure on gesture deficits needs to be explored. Finally, the
development of bed-side tests may aid the detection of praxis
deficits in clinical routine. A condensed version of the TULIA is
available as short bed-side test of apraxia and has been tested
c o r t e x 1 3 3 ( 2 0 2 0 ) 6 5e7 572in stroke, Parkinson’s, Alzheimer’s, and multiple sclerosis
(Kamm et al., 2012; Ozkan, Adapinar, Elmaci, & Arslantas,
2013; Vanbellingen, Kersten, Bellion, et al., 2011;
Vanbellingen, Kersten, Van de Winckel, et al., 2011;
Vanbellingen et al., 2012). It might be worthwhile to evaluate
its use in schizophrenia as well. In sum, gesture deficits and
apraxia should be acknowledged in schizophrenia. The next
endeavors are implementing valid and simple bed-side tests
and probing effective treatments, e.g., training, psychother-
apy, and non-invasive brain stimulation.
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